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Received 8th July 2011, Accepted 14th September 2011
DOI: 10.1039/c1nr10765hTailoring the density of random single-walled carbon nanotube (SWCNT) networks is of paramount
importance for various applications, yet it remains a major challenge due to the insufficient catalyst
activation in most growth processes. Here we report on a simple and effective method to maximise the
number of active catalyst nanoparticles using catalytic chemical vapor deposition (CCVD). By
modulating short pulses of acetylene into a methane-based CCVD growth process, the density of
SWCNTs is dramatically increased by up to three orders of magnitude without increasing the catalyst
density and degrading the nanotube quality. In the framework of a vapor–liquid–solid model, we
attribute the enhanced growth to the high dissociation rate of acetylene at high temperatures at the
nucleation stage, which can be effective in both supersaturating the larger catalyst nanoparticles and
overcoming the nanotube nucleation energy barrier of the smaller catalyst nanoparticles. These results
are highly relevant to numerous applications of random SWCNT networks in next-generation energy,
sensing and biomedical devices.Introduction
Random single-walled carbon nanotube (SWCNT) networks
consisting of entangled individual or small bundles of nanotubes
have attracted very strong interest in recent years.1–3 As
compared to single-nanotube devices, random SWCNT
networks show excellent reproducibility, stability, functionality
and low cost. As such, they are promising for a variety of
applications ranging from nanoelectronics, photovoltaic cells,
transparent conductive films, to gas- and bio-sensors.2–6 Among
various structural parameters (e.g., chirality, doping, uniformity,
orientation of the nanotubes, as well as surface chemistry of the
supporting substrates), the density of random SWCNT networks
has been widely recognized as the primary factor that determines
their mechanical, electronic, optical, and sensing properties.7–10
For example, rare SWCNT networks made of sparsely inter-
connected nanotubes show a high optical transmittance and are
semiconducting with a characteristic percolation behaviour
where the electron/hole conduction is determined by the avail-
able pathways formed by individual nanotubes.11 DenseaPlasma Nanoscience Centre Australia (PNCA), CSIRO Materials
Science and Engineering, Lindfield, New South Wales, 2070, Australia.
E-mail: Kostya.Ostrikov@csiro.au
bSchool of Physics, The University of Sydney, New South Wales, 2006,
Australia
† Electronic supplementary information (ESI) available: Comparisons of
surface morphology of catalyst nanoparticles formed after fast-heating
and normal heating processes; chemical states of catalyst nanoparticles
formed after fast-heating and reduction; excessive acetylene used in the
CCVD growth process results in amorphous carbon coating. See DOI:
10.1039/c1nr10765h
4848 | Nanoscale, 2011, 3, 4848–4853networks, on the other hand, show a poor optical transmittance
but a much higher electrical conductance.12,13 As such, the rare
networks are normally applied as channels in thin-film-transistor
(TFT) devices,14 whereas the dense networks may find their
usages in organic photovoltaic cells and/or energy storage
devices.15
At present, random SWCNT networks are mainly produced
by solution-based techniques including drop coating,3,16 spray
casting,17 spin coating,2 electrophoretic deposition,18 and
vacuum filtration.1,12 Although these methods offer a fair degree
of control of the networks density, the performance of devices is
often degraded due to the adverse effects arising from surfac-
tants, chemicals, and sonications involved in these processes.13 In
comparison, directly synthesized SWCNT networks can preclude
these adverse effects without compromising the excellent intrinsic
properties of SWCNTs. Catalytic chemical vapour deposition
(CCVD) is currently among the most-widely used direct-
synthesis methods owing to the advantages of large-scale
production and controlled growth at pre-defined positions.19–22
Unfortunately, the growth mechanism of SWCNTs in CCVD
has not been fully understood despite years of intense studies.23,24
It is well known that the growth of SWCNTs is a complex
process which depends on many parameters such as catalyst,
temperature, gaseous precursors, and supporting substrate
materials, thus making the effective density control of the
nanotubes highly challenging.
Owing to the critical role of the catalyst nanoparticles in the
nanotube growth,24,25 substantial efforts have recently been made
to maximise the nanotube yield by enhancing the catalyst
activity. These efforts include finding an optimal thickness of theThis journal is ª The Royal Society of Chemistry 2011
Fig. 1 Experimental protocols used in the three CCVD growth
processes. All the three CCVD growth processes consisted of 4 steps,
namely, fast-heating, reduction, growth, and cooling. The same fast
heating, reduction, and cooling were adopted and only was the growth
step distinct. In the methane-only process, a co-flow of CH4 (480 sccm)
and H2 (100 sccm) was used; in the 1-pulse C2H2 process, a short pulse of
C2H2 (60 sccm for 2 s) was added at the beginning of the growth; and in
the 3-pulse C2H2 process, three short pulses of C2H2 (60 sccm for 2 s)
were added at the beginning, after 5 min, and after 10 min of the growth.
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View Article Onlinecatalyst,26,27 incorporating a binary catalyst system or using an
oxide catalyst supporting layer,27–29matching the catalyst and the
carbon source,28 introducing foreign chemical elements during
the growth,30 using computer-aided design to optimise the cata-
lyst,31 and reactivating the catalyst in a sequential or successive
manner.32,33 However, the efficiency of these existing methods
remains limited because it is extremely difficult to control not
only the density, size, and distribution of the catalyst nano-
particles, but also the saturation and activation of such nano-
particles. In fact, the number of nanoparticles that do not yield
SWCNTs is often very large and only a small fraction of them is
gainfully used (around 1–5%) to nucleate the nanotubes.34 It is
therefore highly desirable to effectively and simultaneously
activate the catalyst nanoparticles with a broad range of size
distribution.
In this article we demonstrate a simple and novel method
based on the transient injection of acetylene pulses into
a methane-based CCVD growth process. It is shown that the
density of random SWCNT networks can be increased by up to
three orders of magnitude without degrading the quality of the
nanotubes. Such a high efficiency in nanotube nucleation is
attributed to the high dissociation rate of acetylene at high
temperatures,35 providing a sufficient amount of carbon atoms to
simultaneously activate both the larger and the smaller catalyst
nanoparticles. As the optimum partial pressure of carbon
precursors is often different during the nucleation and growth
stages,36,37 we also switch to the methane-only precursor after
catalyst activation to avoid any undesirable amorphous carbon
coatings and maintain the high quality of the grown nanotubes.Experimental
Direct-synthesis of SWCNT networks by CCVD
Random SWCNT networks were grown in three different CCVD
processes, as shown in Fig. 1. In the first process where methane
was the only precursor, a thin catalyst layer of 0.5 nm Fe was
deposited on a supporting layer of 10 nm Al2O3 on a Si substrate
with thermally grown oxide (500 nm) by e-beam evaporation. A
‘‘fast-heating’’ strategy was then adopted to effectively form
catalyst nanoparticles.38 Briefly, a 2-inch horizontal quartz tube
of a thermal furnace (MTI; OTF-1200X) was heated to the
desired temperature (900 C) in air. The substrate containing
the Fe catalyst layer was quickly inserted into the middle of the
heated tube which had a uniform temperature zone of 20 cm.
Since the catalyst and the surrounding gas were at different
temperatures during this short heating period, an intense
convection flow was formed on the substrate surface and resulted
in a large number of catalyst nanoparticles (as described below in
this paper).39 Heating the catalyst in air may also prevent the
coalescence of metal particles due to the reduced diffusion at the
oxide state.23 The quartz tube was then pumped down to a pres-
sure of less than 1  101 Torr within 5 min and a flow of
hydrogen (100 sccm) was subsequently introduced. After
reducing the catalyst at this temperature for another 5 min,
additional methane (480 sccm) was introduced to start the
growth of SWCNTs at 760 Torr. After 15 min, both methane and
hydrogen flows were terminated and the sample was cooled
under the argon flow (200 sccm) down to room temperature.This journal is ª The Royal Society of Chemistry 2011In the second process the above CCVD growth was slightly
modified. Specifically, the catalyst and the ‘‘fast-heating’’
strategy were kept the same, but we added one single short pulse
of acetylene (60 sccm for 2 s) at the same time when methane was
introduced (see Fig. 1). Methane was continuously flowing at 760
Torr during the 15 min growth. In the third process, we added
three short pulses of acetylene (60 sccm for 2 s) at the beginning,
after 5 min, and after 10 min since the introduction of the
continuous methane flow (see Fig. 1). In both processes, cooling
was performed using an argon gas flow (200 sccm) after the
growth was terminated.Characterization techniques
The grown random SWCNT networks were characterized by
field-emission scanning electron microscopy (FE-SEM; Zeiss
Ultraplus) operated at 1 keV electron beam energy with an in-
lens secondary electron detector. As the grown nanotubes were
well isolated, the number of SWCNTs in a unit area (e.g., 1 mm2
and 100 mm2) could be counted based on both low and high
resolution SEM images. The density of SWCNTs was then
determined from several SEM images for each sample. Trans-
mission electron microscopy (TEM; Philips CM120) was oper-
ated at 120 keV electron beam energy. Prior to the TEM
characterizations, the grown samples were dispersed into ethanol
and sonicated for 5 min in a bath sonicator. The suspension
containing SWCNTs was then dropped on a holey carbon-
coated copper grid (SPI Supplies) and dried in air. ResonantNanoscale, 2011, 3, 4848–4853 | 4849
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View Article Onlinemicro-Raman spectroscopy (Renishaw inVia) was used with
a laser spot of1 mm2 and two laser excitation sources at 514 and
633 nm wavelengths. In addition, the sheet conductance of
random SWCNT networks was measured by a semiconductor
device analyzer (Agilent B1500A) using a two-point probe
configuration, where two Au electrodes at a distance of 5 mm
were deposited on the surface by magnetron sputtering (Balzers
SCD030).
The morphology and chemical states of catalyst nanoparticles
after reduction but without going into the growth stage were
further investigated by atomic force microscopy (AFM; Asylum
Research MFP-3D) and X-ray photoelectron spectroscopy
(XPS; Specs SAGE 150). AFM was operated in the tapping
mode with a Si cantilever of spring constant of 50 N m1 and
a resonant frequency of 275 kHz (Budget Sensors) while XPS
used the Mg Ka excitation at 1253.6 eV.Fig. 3 (a) Dependence of the nanotube density and the sheet resistance
of random SWCNT networks grown by the three CCVD processes. (b)
Raman spectra at 514 and 633 nm laser excitations for the SWCNT
networks grown by the 3-pulse acetylene CCVD process. Radial-
breathing mode (RBM) and D and G bands are highlighted in brown and
green regions, respectively. Asterisks (*) in the RBM band denote the
peak from the SiO2/Si substrate.Results and discussion
Fig. 2 shows the FE-SEM images of random SWCNT networks
synthesized in the three CCVD processes. As one can see,
SWCNTs formed entangled networks on all samples but the
yield of nanotubes is significantly different. For the methane-
only growth, the density of the nanotubes was very low, about
0.01–0.03 mm2 (see Fig. 2a). This value drastically increased to
1–2 mm2 after a short pulse of acetylene (60 sccm for 2 s) was
added at the beginning of the growth process (see Fig. 2b). The
density of the nanotubes became even higher when three short
pulses of acetylene were added, approaching 10 tubes per mm2
(see Fig. 2c). Therefore, with a minimal change to the CCVD
processes, we have effectively controlled the density of random
SWCNT networks by up to three orders of magnitude.
The sheet resistance of the three SWCNT networks is plotted
in Fig. 3a. A strong correlation is observed between the density of
these nanotubes and the sheet resistance R,, calculated byR,¼
R0W/L (where R0 is the measured resistance, W is the channelFig. 2 FE-SEM images of random SWCNT networks grown by (a)
methane-only, (b) a single pulse of acetylene-modulated, and (c) three
pulses of acetylene-modulated CCVD processes. (d) 3D reconstruction of
the image in (b). The solid and dashed arrows in (a) and (b) point to
representative long and short nanotubes, respectively.
4850 | Nanoscale, 2011, 3, 4848–4853width, and L is the channel length).1 The sheet resistance has
been 1  1011 and 3.6  105 U ,1 for the networks with the
lowest and the highest densities, respectively.
Further characterizations were performed by resonance micro-
Raman spectroscopy. As one can see in Fig. 3b, the resonant
peaks in the characteristic radial-breathing mode (RBM) band at
low frequencies (100–350 cm1) can be clearly observed, con-
firming the presence of SWCNTs. Using the relationship d¼ 248/
u,40 where u is the Raman shift of RBM peaks, we have calcu-
lated the distribution of the nanotube diameters d in the range of
1.2–1.8 nm. The disorder-induced D band and the tangential G
band at higher frequencies (1350–1600 cm1) are also shown in
Fig. 3b. One can see that the peak intensity ratio of D/G is small,
evidencing high-quality SWCNTs with a minimal level of
amorphous carbon or defect structures in these samples. In
addition, Fig. 4 shows the TEM images of both bundles of
SWCNTs and an isolated nanotube by using the networks of the
highest SWCNT density as a representative example. Most of the
nanotubes were within the diameter range of 1–2 nm, in good
agreements with the results of the Raman analysis.
Thus, the most significant result in our present experiments is
the enhanced nanotube nucleation and high-yield growth in the
acetylene-modulated CCVD processes, which we attribute to the
effective catalyst activation in the carbon-enriched process
environment. Although the exact growth mechanism of
SWCNTs is unclear as mentioned earlier, the vapour–liquid–This journal is ª The Royal Society of Chemistry 2011
Fig. 4 TEM images of (a) bundles of nanotubes and (b) a single nano-
tube with a diameter 2 nm grown by the 3-pulse acetylene CCVD
process.
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View Article Onlinesolid (VLS) model which is commonly invoked in CCVD, has
shown a general agreement with the real-time electron micros-
copy observations.41–43 The VLS model describes the growth of
SWCNTs as a three-stage process which involves the nucleation
stage, the growth (or amplification) stage, and the termination
stage. Generally speaking, in a typical CCVD process for
synthesizing SWCNTs, carbon-containing gas precursors (e.g.,
carbon monoxide, hydrocarbons, and alcohols) dissociate to
form atomic or molecular carbon species (e.g., C, C2, C3, etc.) on
the surface of the catalyst nanoparticles (usually the iron-group
metals Fe, Co, or Ni) at high temperatures. Nucleation takes
place as these carbon species diffuse into the catalyst nano-
particles, reach a supersaturated state, and segregate from the
surface of nanoparticles to form a nanotube cap. Since many of
the caps contain pentagonal or heptagonal carbonaceous struc-
tures, a much less energy is required to lift them up and initiate
the nanotube growth.44,45 The growth process is then sustained
by the continuous incorporation of carbon atoms via bulk and/or
surface diffusion.46–48 Finally, the growth is terminated due to
amorphous carbon coatings on the catalyst nanoparticles
(so-called ‘‘catalyst poisoning’’) or simply by the cut-off of
carbon precursor supply.42
Insight into the VLS model suggests us that the most impor-
tant stage to control the density of SWCNTs is at the nucleation
stage, i.e., active catalyst nanoparticles form the initial stable cap
from which a nanotube will grow. Methane is one of the most
stable hydrocarbons at high temperatures. The good thermal
stability of methane on one hand can minimize the formation of
amorphous carbon and possibly facilitate the control of SWCNT
properties such as the length, diameter and chirality.22,49 On the
other hand, it also provides an insufficient number of carbon
atoms for the activation of catalyst nanoparticles. This low
decomposition rate of methane is very likely to be the primary
reason that the high density of vertically aligned SWCNT arrays
has been rarely reported in a methane-only process. Indeed,
a high-yield growth is often required to provide the necessary van
der Waals interactions to grow vertically aligned nanotube
arrays.50,51This journal is ª The Royal Society of Chemistry 2011In our case, although the combination of an Al2O3 underlayer
and a ‘‘fast-heating’’ strategy helped ensuring the formation of
a sufficiently large number of catalyst nanoparticles that were
capable to nucleate nanotubes (see ESI, Fig. S1 and S2†), the fact
that a low density of nanotubes was obtained in the methane-
only CCVD process implied that only a small fraction of them
was activated. Previous studies showed that catalyst activation
could be greatly affected by various factors such as the size of the
nanoparticle, the rate of carbon supply, and the interaction
between the catalyst and the supporting layer.34,52–54 In partic-
ular, Lu and Liu revealed that only the catalyst nanoparticles of
the optimum size (e.g., 3 nm) were able to successfully nucleate
nanotubes.54 Away from the optimum size, larger catalyst
nanoparticles often suffer from insufficient carbon material
supply due to their large volumes and weaker catalytic activity.
Based on these analyses, we speculate that a significant number
of larger catalyst nanoparticles were undersaturated (i.e., due to
a significant shortage of carbon species) in the methane-only
process. To nucleate the nanotubes on these particles, a few
minutes (or even longer) are required which is consistent with the
numerical simulation results.53 We have also noted that the
length of the nanotubes shown in Figs. 2a and b varied signifi-
cantly, which could be an indication that not all the nanotubes
started the growth process simultaneously (assuming that their
growth rates were the same). For smaller nanoparticles, on the
other hand, the carbon solubility may increase substantially,23
possibly leading to more carbon atoms required to reach the
supersaturated state despite their reduced size.55
More importantly, the Gibbs–Thomson effect which critically
affects the nucleation and growth of one-dimensional nano-
structures may also play an important role in limiting the
nucleation of the nanotubes on smaller catalyst nano-
particles.56,57 It has been shown that the energy barrier E for the
nucleation of quantum wires is proportional to the inverse of the
chemical potential difference modified by the size-dependent
Gibbs–Thomson effect,56
E f 1/(Dm0ls  2glvDVsl/rd),
where Dm0ls is the difference in chemical potentials of atoms (here
is carbon) in the liquid and solid phases, glv is the surface energy,
DVsl is the difference in the molar volume of the liquid and solid
phases, and rd is the diameter of the catalyst nanoparticles. The
energy barrier E for the nanotube nucleation therefore increases
significantly if the diameter of the catalyst nanoparticles is
reduced. In other words, nanoparticles of smaller radii tend to
produce stronger internal tension and effectively push the
incoming carbon atoms back to the substrate.57
To overcome these adverse effects imposed on both larger and
smaller catalyst nanoparticles, it is often required to apply
a higher temperature and/or a higher pressure of carbon
precursors to increase the yield of nanotubes.58 Here we instead
used short pulses of acetylene which has the highest decompo-
sition rate among all hydrocarbon precursors. Acetylene has
been well-known as the key precursor in growing dense SWCNT
arrays in both thermal and plasma-enhanced processes.50,59,60 It is
therefore reasonable to assume that the decomposed acetylene is
a rich source of carbon species in the acetylene-modulated
CCVD growth processes. This carbon-enriched environmentNanoscale, 2011, 3, 4848–4853 | 4851
Fig. 6 SWCNT networks grown by the water-assisted CCVD process. A
trace amount of water vapor was introduced simultaneously with the
methane flow by adding 20 sccm of Ar gas through a water bubbler held
at room temperature. Other conditions were the same as in the methane-
only CCVD process. Arrows point to representative long nanotubes.
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View Article Onlinecould supersaturate the unsaturated larger catalyst nanoparticles
and overcome the Gibbs–Thomson effect in smaller catalyst
nanoparticles as mentioned above. A significantly larger amount
of catalyst nanoparticles could thus be activated and the subse-
quent growth of nanotubes is sustained by the surface or bulk
diffusions of carbon atoms from the continuous methane supply,
which requires much less carbon atoms as compared to the
nucleation stage.36,37,52 Fig. 5 illustrates the growth mechanism
for catalyst activation in both methane-only and acetylene-
modulated CCVD processes.
We noted that the enhancement of our acetylene-modulated
growth is significantly higher as compared to other methods
where the increase in SWCNT nucleation density is usually of
less than one order of magnitude.27,31Our analyses also explained
the recent discoveries of the formation of smaller-diameter
nanotubes at higher pressures of carbon precursors55 and the
formation of both larger and smaller nanotubes at higher
temperatures.61 It is worth mentioning that the amount of acet-
ylene introduced into the growth processes should be carefully
controlled. If the acetylene flux is too high, a lot more carbon
atoms are produced than necessary for the nanotube growth.
This de-activates the catalyst particles by carbon overfeeding and
results in the formation of multi-walled CNTs (MWCNTs) or
amorphous carbon deposits (see ESI, Fig. S3†). This is why we
used three short pulses of acetylene instead of one long pulse in
the acetylene-modulated process.
We also noted that the low density of SWCNTs in the
methane-only process could be due to another reason that
amorphous carbon coatings covered the catalyst nanoparticles
prior to the nucleation of nanotubes (especially at a high
hydrocarbon partial pressure or insufficient hydrogen partial
pressure).54,55 To illustrate that this is not the primary reason in
our case, we have conducted a separate experiment involvingFig. 5 Schematic illustrations of SWCNT networks grown in the
methane-only and acetylene-modulated processes. (a) A thin Fe layer is
deposited on the SiO2/Si substrate with an Al2O3 interlayer. (b) The
formation of nanosized catalyst particles after fast-heating and reduction
in hydrogen. (c) Methane-only and (d) acetylene-modulated CCVD
growth of nanotubes. Only a small fraction of catalyst nanoparticles
nucleated nanotubes in the methane-only process, whereas the burst
supply of carbon atoms from decomposed acetylene can effectively
enhance the nucleation of nanotubes on both larger and smaller nano-
particles in the acetylene-modulated processes.
4852 | Nanoscale, 2011, 3, 4848–4853water in the CCVD process. A water molecule (or other oxygen-
containing species such as ethanol or acetone) is a mild oxidizer
which can remove amorphous carbons and facilitate the activa-
tion of the catalyst nanoparticles, eventually leading to the
growth of very long (macroscopic length) nanotubes.35,62 By
using an additional Ar gas flow (20 sccm) through a water
bubbler held at room temperature for 15 min, we grew the
nanotubes in a methane-only CCVD process. The SEM picture
of the grown SWCNT networks in Fig. 6 shows two features: (i)
the density of the networks increased only a bit, much less than
that in the acetylene-modulated CCVD process, and (ii) the
average length of many nanotubes has increased. Indeed, the
yield of nanotubes in the water-assisted growth process was often
found only 3–5 times higher than that without water addition.62
These observations validate the assumption that removing
amorphous carbon from catalyst nanoparticles is effective to
lengthen the nanotubes. However, the substantially enhanced
catalyst activation remains the primary reason for the dramatic
increase in the SWCNT density in the acetylene-modulated
growth processes reported in this work.Conclusions
To summarize, we have demonstrated that in a methane-only
CCVD process, the density of SWCNT networks was low due to
the limited carbon supply from the thermally stable carbon
precursor, and hence, the activation of the Fe catalyst nano-
particles was quite poor. By adding short pulses of acetylene into
the growth process, a large number of catalyst nanoparticles
could be effectively activated due to the burst supply of carbon
atoms. In this way, the density of random SWCNT networks could
be increased by up to three orders of magnitude without increasing
the density of catalyst nanoparticles and degrading the quality of
the nanotubes. As compared to other approaches, e.g., by
tailoring the density of catalysts or by multiple ‘‘re-growth’’
processes, our method is much simpler and more efficient. The
results are thus of vital importance for not only controlling the
density of SWCNT networks for advanced applications, but alsoThis journal is ª The Royal Society of Chemistry 2011
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View Article Onlinepossibly shedding light on the mechanism for diameter- and
chirality-controlled growth of single-walled carbon nanotubes.Acknowledgements
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